Food and drugs contain diverse small molecule additives (excipients) with unclear impacts on human physiology. Here, we evaluate their potential impact on intestinal absorption, screening 136 unique compounds for inhibition of the key transporter OATP2B1. We identified and validated 24 potent OATP2B1 transport inhibitors, characterized by higher molecular weight and hydrophobicity compared to poor or non-inhibitors. OATP2B1 inhibitors were also enriched for dyes, including 8 azo (R−N=N−R′) dyes. Pharmacokinetic studies in mice confirmed that FD&C Red No. 40, a common azo dye excipient, inhibited drug absorption; however, the human gut microbiome inactivated azo dye excipients, producing metabolites that no longer inhibit OATP2B1 transport. These results support a beneficial role for the microbiome in limiting the unintended effects of food and drug additives in the intestine.
emerging evidence that food and cosmetic additives can influence host-microbiome interactions (1, 5) .
In the current study, we focus on the bioactivity of pharmaceutical excipients -defined as substances other than the active pharmaceutical ingredients that are intentionally included in an approved drug delivery system or a finished drug product. On average, excipients make up 90% of a drug formulation and play crucial roles including assisting in stability, bioavailability, manufacturing, and patient acceptability (6) . Excipients in oral drug products are present in intestinal fluid together with active ingredients; however, their impact on drug disposition is poorly understood. More broadly, many of the excipients used in pharmaceuticals are also widespread in processed food and cosmetics and therefore provides a routine source of chemical exposures for most individuals in the developed world.
We aimed to systematically screen the interactions between common pharmaceutical excipients and the intestinal transporter Organic Anion Transporting Polypeptide 2B1 (OATP2B1) by developing an in vitro assay to identify OATP2B1-inhibiting excipients. OATP2B1 (SLCO2B1) is localized to the apical membrane of the intestine and mediates the absorption of many oral prescription drugs, including the statins fluvastatin and rosuvastatin (7) , the antihistamine fexofenadine (8, 9) , and the β-adrenoceptor blocker atenolol (10) . Compounds that inhibit OATP2B1 transport may potentially reduce the absorption of many drugs. To identify excipients that interact with OATP2B1, we analyzed a comprehensive collection of molecular excipients identified using the Center of Excellence in Regulatory Science and Innovation (CERSI) Excipients Browser (11) and assembled a library of unique molecular excipients to screen for OATP2B1 transport inhibition. We excluded excipients that are no longer used, poorly soluble (solubility of <1 mM in H2O, DMSO, or ethanol), commercially unavailable, formulated for delivery by inhalation, or alternative salt forms of other excipients (e.g. sodium acetate was tested while calcium/magnesium acetate were not). This collection totaled 136 oral excipients spanning multiple functional classes including dyes, buffering agents, antimicrobial agents, and flavoring agents ( Fig. 1A, Fig. S1 , Auxiliary Table 1 ). This excipient collection was not exclusive to drugs, as 65% of our collection are also found in food products (Auxiliary Table 1 ).
We developed an assay to identify potential inhibitors of OATP2B1-mediated uptake. The human OATP2B1 cDNA was cloned into the pcDNA™ 5/FRT mammalian expression vector and transfected into human embryonic kidney (HEK) Flp-In cells to generate a stable OATP2B1overexpressing cell line. The fluorescent molecule 4',5'-dibromofluorescein (DBF) was used as a substrate of OATP2B1 uptake for screening. We determined a Km=4.7 μM for OATP2B1mediated uptake of DBF ( Fig. 1B) , which is in agreement with the literature (12) . The role of OATP2B1 in DBF uptake was confirmed by comparing our overexpressing cell line to our control cell line (HEK cells transfected with empty vector pcDNA™), revealing a significant (3-fold) increase in uptake under OATP2B1 overexpressing conditions (Fig. 1C) . DBF uptake was significantly inhibited by the endogenous OATP2B1 substrate estrone sulfate (Fig. 1C) . The statistical effect size (Z'-factor) was 0.79, indicating excellent assay quality (13) . Together, these results demonstrate that our assay reliably and reproducibly measures the rate of OATP2B1dependent DBF uptake.
Next, we used our validated assay to screen the full 136-member excipient library for inhibition of DBF uptake. Considering that the amount of excipients in an oral drug product can outweigh the active ingredient by 10-to 100-fold, we selected an excipient screening concentration of 200 µM (10-fold above the standard 20 µM used in drug screens (14) ; Auxiliary Table 1 ). We classified hits as excipients that inhibited OATP2B1 transport by >50% in order to focus on a manageable number of excipients for follow-up dose-response studies. Using this criterion, we identified 24 inhibitors in our primary screen (17.6% of the library; Fig. 1D ). Next, we validated each of the 24 excipients by performing dose-response inhibition assays. This analysis validated 100% (24/24) of the inhibitors identified in our primary screen ( Fig. 1E, Table S1 ), providing additional support for our >50% inhibition threshold and suggesting that additional excipient inhibitors remain to be discovered. Six excipients were potent inhibitors of OATP2B1-mediated uptake with an inhibition constant (Ki) ≤1.0 µM (Table S1). We further validated two excipient inhibitors, FD&C Red No. 40 and FD&C Yellow No. 6, using the endogenous OATP2B1 substrate estrone sulfate ( Fig. S2 ). An aggregation test on the 24 excipients demonstrated that the IC50 values of nine excipients were >10 times their aggregation concentration, suggesting specific inhibition of OATP2B1 (Table S2 ). These results indicate that the ability of oral drug excipients to inhibit drug uptake is far broader than previously appreciated (15) .
The identified OATP2B1 transport inhibitors were chemically and functionally diverse, which included dyes, surfactants, antimicrobials, and flavoring agents ( Fig. 2A) . Despite this diversity, we were able to identify characteristic signatures of OATP2B1 inhibitors relative to the overall library. Multiple physicochemical properties of excipient inhibitors were distinct relative to non-inhibitors, including increased molecular weight (p=3.80e-08, Student's t-test; Fig. 2B ) and lipophilicity (p=7.30e-11, Student's t-test; Figs. 2C and S3, Table S3 ). We also found that OATP2B1 inhibitors were significantly enriched for dyes relative to the overall panel, representing 18/24 (75%) of the inhibitors (p<0.0001, Fisher's exact test).
OATP2B1 plays an important role in fexofenadine absorption (8, 16) and is a target of food-drug interactions (9, 17) . We selected the azo dye excipient FD&C Red No. 40 for in vivo studies because it is the dye with the highest approved amount in the United States by the Food and Drug Administration (FDA) and widely used in both food and drug products (18) . The inhibitory effect of FD&C Red No. 40 on fexofenadine bioavailability was examined in Pglycoprotein (Pgp) deficient (mdr1a/b -/-) mice since fexofenadine is also a substrate of Pgp, which reduces fexofenadine absorption into systemic circulation (19) Table S4 ). In contrast, administration of 2.5 mg/kg FD&C Red No. 40 (1 mM) (n=4) resulted in a fexofenadine AUC0-360 that was comparable to the control (p=0.8243).
Of the 18 excipient dyes identified as inhibitors of OATP2B1 transport, eight belong to the azo dye family: synthetic dyes with one or more azo bonds (the functional group R−N=N−R′). The reductive cleavage of the azo bond is facilitated by azoreductases, which are encoded by phylogenetically diverse bacteria, including multiple bacterial taxa prevalent in the human gastrointestinal tract (20) . Because azo dye excipients are orally administered, they have the opportunity of encountering and being cleaved by bacterial azoreductases, thus altering their chemical structure and potentially also their bioactivity.
Despite sharing an azo bond, azo dyes are structurally diverse and display variable susceptibility to reduction by bacteria (21, 22) . Furthermore, the ability of gut bacteria to metabolize the specific azo dyes identified in our screen was poorly understood (21, 23, 24) . To test the ability of complex human gut microbiotas to metabolize the eight identified azo dye OATP2B1 inhibitors, we performed an ex vivo screen wherein each of the azo dye excipients were incubated with human stool samples from three unrelated healthy individuals. One dye was removed from this analysis for technical reasons. Following azo bond reduction, these dyes lose their chromogenic properties and therefore become colorless. All of the tested dyes were cleared by human gut bacteria (Fig. 4A) . The extent of dye elimination varied between dyes, ranging from 90.5±2.9 to 48.2±7.3%, consistent with prior data suggesting that these enzymes display some degree of substrate specificity (21, 22) .
Next, we developed a culture-based assay to identify human gut bacterial isolates capable of excipient azo dye metabolism. Dilutions of human fecal suspensions were plated on agar plates supplemented with azo dyes and incubated anaerobically. We identified metabolizers by inspecting agar plates for colonies that produced a zone of dye clearance, indicative of azo bond cleavage ( Figs. 4B and S4A) . Representative positive strains were selected and restreaked on azo dye containing media to confirm their phenotype (Figs. 4B and S4, B and C) . First, we used a PCR-based fingerprinting method 33 to dereplicate isolates from the same subject (25) . Multiple instances were observed where the same bacterial fingerprint from a single human subject was observed across multiple dyes (Auxiliary Table 2 ).
To more definitively test for the ability of each isolate to metabolize multiple dyes we selected 22 unique azo dye excipient metabolizing bacterial isolates for 16S rRNA gene sequencing. We identified bacteria from the 3 major phyla found in the gut: Bacteroidetes (n=6), Firmicutes (n=10), and Actinobacteria (n=6) (Auxiliary Table 2 ). All of the bacterial strains tested were capable of clearing multiple azo dyes (Fig. 4C) . The efficiency of dye elimination was primarily determined by strain not by dye (55% versus 19% of total variation; both factors p<0.0001, two-way ANOVA). This analysis also revealed a phylogenetic signature of azo dye excipient clearance, with bacteria belonging to the Firmicutes and Bacteroides phyla significantly more active than Actinobacteria (both comparisons p<0.0001, ANOVA with Tukey's correction;
Figs. 4C and S5
). Together, these results indicate that human gut bacteria can metabolize multiple excipient dyes and that the extent of metabolism is influenced by bacterial taxonomy.
We hypothesized that bacterial metabolism of azo dye excipients would decrease their ability to inhibit OATP2B1 transport based on our previous observation that lower molecular weight is a characteristic feature distinguishing OATP2B1 inhibitors versus non-inhibitors ( Fig.   2B) . To test this hypothesis, we assayed conditioned media of human bacterial isolates grown in the presence of the azo dye FD&C Red No. 40 for OATP2B1 uptake inhibition. This representative azo dye excipient was selected due to our previous in vivo results ( Fig. 3) and because it is the dye with the highest amount certified in the United States by the FDA and widely used in both food and drug products (18) . Samples of conditioned media that showed complete clearance of FD&C Red No. 40 failed to inhibit OATP2B1-mediated [ 3 H]-estrone sulfate uptake, whereas samples with high levels of FD&C Red No. 40 remaining inhibited uptake (Fig. 5A) . LC-MS/MS analysis confirmed the depletion of FD&C Red No. 40 from conditioned media samples (Fig. S6) . As expected, the level of clearance of FD&C Red No. 40 was significantly correlated with OATP2B1mediated [ 3 H]-estrone sulfate uptake (Fig. 5B) .
To more definitively test if this decrease in OATP2B1 inhibition was due to the biotransformation of azo dye excipients to their downstream microbial metabolites, we tested 12 unique metabolites from each of the 8 azo dye inhibitors. In contrast to the azo dye substrates, all of the corresponding reduced metabolites had a significant decrease in OATP2B1 transport inhibition ( Fig. 5C and Table S5 ). For example, the Ki value for D&C Orange No. 4 was 2.11 μM and the Ki values were 62.5 μM and >200 μM for 1-amino-2-naphthol and sulfanilic acid, respectively (Fig. 5D) . This data highlighted that gut microbial metabolism rescues the inhibition of OATP2B1 transport by azo dye excipients.
Next, we administered FD&C Red No. 40 to germ-free and conventionally-raised mice to determine if gut microbial colonization alters the clearance of this excipient inhibitor following oral administration. Each animal was orally dosed with 5 mg of FD&C Red No. 40 and total feces were collected over 24 hours for residual azo dye analysis. Conventionally-raised (specific pathogen free, SPF) mice excreted significantly less FD&C Red No. 40 dye relative to germ-free controls (Fig. 5E) . No dye was detected in untreated control SPF mice. These results suggest that the murine gut microbiome can efficiently metabolize azo dye excipients in vivo at the dose used; however, whether or not these excipients can impact OATP2B1 prior to their metabolism remains to be determined.
Finally, to assess the potential clinical relevance of the OATP2B1-inhibiting azo dye excipients, we estimated the maximal intestinal concentrations of azo dyes (Table S6 ). Based on the FDA perspective about the role of transporters in drug-drug interactions (26) , it is possible that excipients with Cmax/Ki≥10 could inhibit OATP2B1-mediated drug absorption at clinically relevant concentrations. However, it is important to point out that drug products frequently do not contain such large amount of these excipients, especially dyes. Larger amounts may be present in food products. It is worth noting that the amounts of artificial food colors certified for use in the United States by the FDA was 62 mg/capita/day in 2010, of which FD&C Red No. 40 accounts for 40%, FD&C Yellow No. 6 for 24%, FD&C Blue No.1 for 4%, and FD&C Red No. 3 for 4% (18) . Based on 62 mg/day, the Cmax/Ki for FD&C Red No. 40 is 84.9 (Table S6 ). These data suggest that there may be food-drug interactions based on artificial food coloring agents inhibiting the OATP2B1-mediated absorption of prescription drugs.
Our results confirm and extend several recent in vitro studies suggesting that excipients can inhibit intestinal drug absorption (27) (28) (29) . We discovered 24 excipients that are potent inhibitors of OATP2B1, 6 of which are predicted to achieve clinically-relevant intestinal concentrations (Table S7) . Though clinical studies are needed to determine the in vivo effects of these excipients, these findings have potential clinical implications due to the key role of OATP2B1 in drug absorption (9, 30, 31) . More broadly, pharmaceutical excipients constitute, on average, 90% of a drug formulation and yet they are often assumed to be inactive without being explicitly tested. These results suggest that pharmaceutical excipients harbor potentially unanticipated bioactivities, the downstream and clinical consequences of which remain poorly understood.
On the other hand, our data provide multiple potential strategies for mitigating the bioactivity of food and drug additives. These include characteristic physicochemical signatures of OATP2B1 inhibitors that could be used to shift the current formulation strategies from empirical to mechanistic-understanding-based formulation (32) , which is of particular importance for the generic drug industry to develop bioequivalent drug product formulations. Furthermore, while our bacterial isolate data provide some support for the possibility that inter-individual differences in the gut microbiome could alter azo dye metabolism, the ubiquity and redundancy of this enzymatic activity between communities and taxonomic groups suggest that these specific excipients may have minimal intestinal activity in most human subjects.
In conclusion, these findings emphasize the importance of considering the chemical milieu in which drugs are taken and provide a mechanism through which the human gut microbiome ameliorates the impact of chemical exposures. This study also has clear translational implications, providing the first step towards the rational selection of excipients to minimize their off-target impacts on human and microbial cells. Dilutions of human fecal suspensions were used to inoculate BHI + agar media supplemented with various excipient azo dyes and incubated anaerobically, with FD&C Red No. 40 shown here. Azo dye metabolizing colonies were identified by a zone of decolorization. Isolates capable of azo dye metabolism were picked and restreaked on BHI + agar media supplemented with the same azo dye to confirm the phenotype. (C) Gut bacterial isolates show variable abilities to metabolize azo dye excipients. Human fecal bacterial isolates previously identified as azo dye metabolizers were incubated in triplicate in BHI + media supplemented with various excipient azo dyes and incubated anaerobically for 24 hours. Residual dye was quantified spectrophotometrically from conditioned media samples and normalizing to uninoculated controls. Each point represents the mean dye clearance and the shape corresponds to the excipient azo dye. Colored boxes correspond to bacterial phyla.
